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Available online 31 May 2016X-ray computed tomography (CT) allows us to visualize three-dimensional structures hidden in boring cores
nondestructively. We applied medical X-ray CT to cores containing seismically induced soft-sediment deforma-
tion structures (SSDSs) obtained from the Kanto region of Japan, where the 2011 off the Paciﬁc coast of Tohoku
Earthquake occurred. The CT images obtained clearly revealed various types of the seismically induced SSDSs em-
bedded in the cores: a propagating sand dyke bent complexly by the preexisting geological structure, deformed
laminations of ﬂuidized sandy layers, and two types of downward mass movement (ductile downward folding
and brittle normal faulting) as compensation for upward sand transport through sand dykes. Two advanced
image analysis techniques were applied to the sand dyke CT images for the ﬁrst time. The GrowCut algorithm,
a speciﬁc digital image segmentation technique that uses cellular automata, was used successfully to extract
the three-dimensional complex sand dyke structures embedded in the sandy sediments, which would have
been difﬁcult to achieve using a conventional image processing technique. Local autocorrelation image analysis
was performed to detect the ﬂow pattern aligned along the sand dykes objectively. The results demonstrate
that X-ray CT coupled with advanced digital image analysis techniques is a promising approach to studying
the seismically induced SSDSs in boring cores.






Seismically induced soft-sediment deformation
X-ray CT1. Introduction
Seismically induced soft-sediment deformation structures (SSDSs)
such as sand dykes form as a result of liquefaction and ﬂuidization pro-
cesses, and are important records of seismic activity (e.g., Obermeier,
1996; Moretti et al., 1999; Hurst et al., 2011; Berra and Felletti, 2011;
Owen and Moretti, 2011; Owen et al., 2011). Accurate determination
of the depth, spatial extent, and susceptibility of seismically induced
SSDSs using boring cores (e.g., Duranti and Hurst, 2004; Jonk et al.,
2005; Ezquerro et al., 2015) is useful in seismic risk assessment of
sites. However, because seismically induced SSDSs are spatially local-
ized (e.g., as sand dykes), accurate determination is difﬁcult using tradi-
tional observation of the two-dimensional (2-D) surfaces of half-cut
boring cores. X-ray computed tomography (CT) allows us to visualize
the three-dimensional (3-D) structures of cores nondestructively
(e.g., Nakashima et al., 2011). However, X-ray CT has rarely been applied
to the analysis of cores containing seismically induced SSDSs (Flisch and
Becker, 2003; Taira et al., 2012). In the present study, we applied med-
ical X-ray CT to cores obtained from the Kanto region of Japan, where
the 2011 off the Paciﬁc coast of Tohoku Earthquake occurred
(Nakashima et al., 2013; Nakashima and Komatsubara, 2015). Theshima).
. This is an open access article underobjective was to detect all seismically induced SSDSs (e.g., sand dykes
and deformed laminations) embedded in the boring cores and to ana-
lyze the 3-D structures in detail, particularly with respect to the sand
dykes.
Only simple observations of CT images of sand dykes and deformed
laminations have been made in previous X-ray CT studies of cores with
the seismically induced SSDSs (Flisch and Becker, 2003; Taira et al.,
2012). In this study, in contrast, we applied two advanced image pro-
cessing methods, the GrowCut algorithm and local autocorrelation, to
CT images of sand dykes for the ﬁrst time. It is essential to distinguish
an intruding sand dyke body from an intruded host phase to obtain a
3-D sand dyke image. However, the image processing involved is not
straightforward, particularly when the intruded host phase is a sandy
sediment, the CT number of which is almost the same as that of a sand
dyke body. The GrowCut algorithm (Vezhnevets and Konouchine,
2005), a speciﬁc digital image segmentation technique that uses cellular
automata, was successfully applied to the extraction of complex 3-D
sand dyke structures embedded in sandy sediments, which would
have been difﬁcult to achieve using a conventional image processing
technique. Field observations have revealed ﬂow patterns within sand
dykes and clastic injections (e.g., Sangawa, 1992; Bezerra et al., 2005;
Phillips et al., 2013; Cox et al., 2014; Ravier et al., 2015), which are im-
portant evidence of ﬂow of ﬂuidized sediments along fractures. Auto-
correlation image analysis (e.g., Ikeda et al., 2000) is useful inthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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method to calculate the autocorrelation function for each small region
of interest in a large 2-D CT image. This modiﬁed autocorrelation analy-
sis method (referred to hereafter as local autocorrelation analysis) was
successfully applied to CT images of the boring cores with SSDSs to de-
tect the anisotropy associated with ﬂuidization processes along the
dykes objectively.
2. Geological setting
The geographic details of the boring sites and geological descriptions
of the cores obtained have been reported elsewhere (e.g., Mizuno et al.,
2013; Komatsubara et al., 2014a; Tanabe et al., 2014). This information
is brieﬂy summarized here. Cores (diameter≈ 64 mm) from two sites,
the GS-INS-1 site in the city of Inashiki and the GS-ITK-2 site in the city
of Itako, were imaged by X-ray CT in the present study. The GS-INS-1
site is located at latitude 35°55′10.7″N, longitude 140°26′52.3″E, and el-
evation +0.77 m. The GS-ITK-2 site is located at latitude 35°55′58.3″N,
longitude 140°33′48.6″E, and elevation +1.24 m. Both sites are in the
downstream basin of the Tone River. The GS-INS-1 site is a ﬂood plain,
and a detailed core analysis revealed that the uppermost layer is an ar-
tiﬁcial soil (depth 0 to≈1 m), which is underlain by tidal channel sed-
iments consisting of sand and silt (depth ≈ 1 to≈13 m). Carbon-14
dating using plant fragments found in the core indicated an age of
0.5 ky BP at a depth of 2.7 m and an age of 0.7 ky BP at a depth of
4.3 m. The GS-ITK-2 site was formerly the site of the Uchinasakaura
Lake and was reclaimed beginning in the 1940's (Tsukamoto et al.,
2012). The uppermost layer is an artiﬁcial soil (depth 0 to ≈0.5 m),
which is underlain by reclaimed sandy soil (depth ≈ 0.5 to ≈5 m)
and natural bay sediments (depth ≈ 5 to ≈15 m). Carbon-14 dating
of a shell found in the core indicated an age of 0.2 ky BP at a depth of
1.9 m. The groundwater level at the two sites is as shallow as approxi-
mately one meter beneath the ground surface.
The 2011 off the Paciﬁc coast of Tohoku Earthquake (Mw= 9.0) hit
the downstream basin of the Tone River (Hirose et al., 2011; Towhata
et al., 2014). The maximum acceleration recorded in Itako was as large
as 5.2 m/s2. Boiling of sand due to liquefaction followed by ﬂuidization
was observed on the ground surface at the two sites. A detailed core
analysis revealed that the boiling sand was probably derived from the
tidal channel sediment at the GS-INS-1 site and from the layer of
reclaimed sandy soil at the GS-ITK-2 site (Mizuno et al., 2013; Tanabe
et al., 2014).
3. X-ray CT scanning of boring cores
We used a medical whole-body CT scanner, model W2000,
manufactured by the Hitachi Medical Co. (Tokyo, Japan) and located at
the GSJ-Lab, AIST. Details about the scanner are presented elsewhere
(Nakashima, 2000, 2003; Nakashima et al., 2011). A core sample cov-
ered with a polyvinyl chloride (PVC) tube being scanned is shown in
the Electronic Supplementary Material (Fig. ESM1a). A single 2-D X-
ray CT image (i.e., a slice) of the core was obtained by a single shot of
the rotating X-ray fan beam. The next 2-D slice of the adjacent portion
of the core was obtained by moving the core in the longitudinal direc-
tion on the patient bed. By stacking these serial 2-D slices, we were
able to construct digital 3-D images of the core on a computer. Circular
regions of interest were extracted from the original slice images to ex-
clude the PVC tube from further image analysis (Fig. ESM1bc). Programs
developed by Nakashima and Kamiya (2007) were used in the image
analysis. A CT number greyscale of the reconstructed CT image was in
conventional Hounsﬁeld units (HU) produced with air and water con-
sidered to be standards.
The choice of the acceleration voltage of the X-ray tube is important
because it affects the CT numbers of the imaged samples signiﬁcantly
(e.g., Nakashima and Nakano, 2014). Two acceleration voltages, 100
and 120 kV, are available for the W2000 scanner. In advance of thecore scanning, we scanned phantoms of bentonite clay and sand satu-
rated with water for the best choice of the acceleration voltage. The re-
sults are shown in Fig. ESM2. Based on the results obtained, we decided
to perform scanning of the cores from the GS-INS-1 and GS-ITK-2 sites
at 100 kV. This acceleration voltage yielded reasonable contrast be-
tween the sand and silt, showing the sand dyke intruding in the silt
clearly (Fig. ESM1bc).
Each core was 1 m in length (see Fig. ESM1a), and a total of 10 m of
cores were obtained for CT scanning from each site, corresponding to a
depth range of 0 to 10m. First, all of the cores (a total of 20m in length)
were scanned at a relatively low resolution (i.e., at a slice thickness of
2 mm) to identify liqueﬁed and ﬂuidized portions embedded in the
cores quickly and without fail. We identiﬁed several small-scale thin
sand dykes and blurred deformed laminations (Jinguuji and
Nakashima, 2014), but their further description is omitted here; only
four portions exhibiting clear large-scale liquefaction and ﬂuidization
were analyzed in the present study. Three of these four portions were
from the GS-INS-1 site (depths ≈ 2.8, ≈4.8, and ≈5.8 m), and one
was from the GS-ITK-2 site (depth ≈ 1.6 m). CT scanning with small
values for the slice thickness was applied to the four portions to obtain
high-resolution images. A slice thickness of 0.5 mm was used for the
three portions from the GS-INS-1 site (thus, the 3-D voxel dimensions
were 0.31 × 0.31 × 0.5 mm3). A slice thickness of 1 mm was used for
the one portion from the GS-ITK-2 site (thus, the 3-D voxel dimensions
were 0.31 × 0.31 × 1 mm3).
After the nondestructive acquisition of the CT images, the coreswere
analyzed by the following destructive methods. The cores were half cut
so that photographs of the cross sections could be taken. Slab-like plas-
tic containers (5 × 25 cm2, slab thickness 1 cm) were pushed onto the
half-cut surfaces to obtain undisturbed slab samples and were imaged
by soft X-ray radiography at 40 kV and 3mA (Tanabe et al., 2014). Serial
sampling was performed on the half-cut planes at 5-cm intervals to ob-
tain the particle size distribution using an LA-950V2 laser diffraction
particle size distribution analyzer (Horiba, Kyoto, Japan; Jinguuji and
Nakashima, 2014).
4. Post-CT image analyses
4.1. Image analysis using the GrowCut algorithm
One of our objectives was to analyze the complex 3-D structures of
the sand dykes. Thus, it is essential to extract the sand dyke bodies em-
bedded in the cores using digital image processing. However, this image
processing (i.e., segmentation of sand dykes and the surrounding undis-
turbed layers) is not straightforward. The conventional segmentation
technique is the global thresholding method (e.g., Peth, 2010), in
which voxels with greyscale values greater than a threshold value are
assigned to the sand dyke and those less than the threshold value are
assigned to the silt surrounding the sand dyke. An example of the use
of the Otsu method (Otsu, 1979), a well-known global thresholding
method, is to try to extract a sand dyke intruded into a silt layer which
is shown in Fig. ESM3. Because of the reasonable density difference be-
tween silt and sand and the choice of an appropriate acceleration volt-
age, the greyscale contrast between the bright sand and dark silt may
seem to be reasonable (Fig. ESM3c), yielding the well-separated bi-
modal distribution shown in the histogram in Fig. ESM3d. However,
the segmentation outcome (Fig. ESM3b) is poor because, for example,
isolated sand spots are misassigned to white voxels, and suspended
silt fragments in the sand dyke are misassigned to black voxels (see
Fig. ESM3b for detail). The global thresholdingmethod yields a segmen-
tation outcomemuch poorer than that shown in Fig. ESM3when the in-
truded host phase is a sandy sediment (not silt), the CT number of
which is almost the same as that of the sand dyke (Fig. ESM4).
The GrowCut algorithm (Vezhnevets and Konouchine, 2005), a spe-
ciﬁc digital image segmentation technique, was successfully applied to
the extraction of a sand dyke body embedded in an undisturbed silty/
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the GrowCut algorithm considers not only the greyscale distance in the
CT number histogram (e.g., Figs. ESM3d and ESM4d) but also the phys-
ical distance in the CT image by employing a cellular automaton model.
The consideration of the physical distance ensures a better segmenta-
tion outcome than that obtainable with simple global thresholding
methods.
The GrowCut algorithm was applied to synthetic images of sand
dykes to demonstrate its segmentation accuracy (Fig. ESM5). The
GrowCut outcomes, (Fig. ESM5fj), are almost the same as the ground
truth, Fig. ESM5b, conﬁrming that the GrowCut algorithm is useful in
the segmentation of sand dykes embedded in undisturbed sandy sedi-
ments. We applied the GrowCut algorithm to three sets of CT images
of the cores from the GS-INS-1 site (depths ≈2.8 and≈5.8 m) and
the GS-ITK-2 site (depth≈ 1.6 m) to extract the 3-D complex shapes
of the sand dykes.
4.2. Image analysis using local autocorrelation
Another objective of the present study was to analyze the ﬂow-
induced anisotropic structures in the sand dykes (e.g., Sangawa, 1992;
Bezerra et al., 2005; Phillips et al., 2013; Cox et al., 2014), which is im-
portant evidence of ﬂow of ﬂuidized sediments along sand dykes. One
of the possiblemechanisms yielding suchﬂowpatterns is the alignment
of the marker (e.g., iron-rich lamination) in the ﬂow direction
(Fig. ESM6). Such a marker, almost parallel to the dyke wall, has often
been analyzed by subjective visual observation alone. In the present
study, objective and quantitative detection of the ﬂow patterns in
sand dykes was successfully performed for the ﬁrst time using digital
CT image analysis. The technique we employed to detect the ﬂow pat-
terns was autocorrelation image analysis (e.g., Heilbronner, 1992),
which has been used to express anisotropic structures using an ellipse
ﬁtted to a high-correlation domain (e.g., Ikeda et al., 2000).Wemodiﬁed
the method to calculate the autocorrelation function for each small re-
gion of interest in a 2-D CT image (Fig. ESM6). As a result, we were
able to map the local structural anisotropy using the ﬁtted ellipses. An
original Python program developed to calculate this local autocorrela-
tion is publicly open at http://staff.aist.go.jp/nakashima.yoshito/
progeng.htm to facilitate the digital image analysis for the objective
and quantitative detection of the local anisotropy.
An example of application of the local autocorrelation method to a
real CT image is shown in Fig. ESM7. The vertically propagating sand
dyke analyzed is trapped in an undisturbed sandy sediment with hori-
zontal laminations. Two regions of interest (i.e., SR1 and SR2)were cho-
sen. As the tuned images clearly show, while SR2 has undisturbed
horizontal laminations, the laminations in SR1 are aligned parallel to
the dyke wall (i.e., aligned vertically) because of the mechanism illus-
trated in Fig. ESM6. The autocorrelation calculation applied to each re-
gion of interest yielded a greyscale autocorrelation image. By ﬁtting an
ellipse to each high-correlation domain, we were able to superimpose
the two ﬁtted ellipses on the CT image. As for SR1, the direction of the
major axis of the ellipse is vertical as a result of the lamination in the
vertical ﬂow direction in the sand dyke. In contrast, it is horizontal for
SR2 because the undisturbed horizontal lamination structure is
preserved.
Mathematically, the autocorrelation function is symmetric with re-
spect to the origin corresponding to the zero-shift convolution. Thus,
it should be noted that the determination of the sign of the ﬂow direc-
tion is impossible. For example, it is impossible to determine whether
the ﬂow direction is upward or downward for SR1 in Fig. ESM7. It also
should be noted that our method is different from grain fabric analysis
(e.g., Oda, 1972; Tanabe et al., 2014) and from grading analysis
(e.g., Peterson, 1968; Hurst et al., 2011). Our local autocorrelation
method utilizes CT images with typical voxel dimensions of
0.31 × 0.31 × 0.5 mm3, which is much coarser than the grain size of
sand. Thus, our method simply measures the macroscopic ﬂow patternaligned along the sand dyke walls (see Fig. ESM6). We calculated the
local autocorrelation for the CT images of the cores from the GS-INS-1
site (depths ≈ 2.8 and ≈5.8 m) and the core from the GS-ITK-2 site
(depth≈ 1.6 m) to examine the ﬂow in the sand dykes.
5. Results
Three-dimensional CT images of the four core portions from the GS-
INS-1 and GS-ITK-2 sites are shown in Figs. 1 and ESM8. The high-
resolution CT successfully revealed the complex structures of the sand
dykes shown in Fig. 1 (voxel dimensions, 0.31 × 0.31 × 0.5 mm3 for
Fig. 1a, b, 0.31 × 0.31 × 1 mm3 for Fig. 1c) and of the deformed
parallel- and cross-laminations shown in Fig. ESM8 (voxel dimensions,
0.31 × 0.31 × 0.5 mm3). Nine complete sets of slideshows of the serial
2-D slices in Fig. 1 are provided as electronic supplementary ﬁles
(e.g., Fig_1a_xy.mp4). The bright sand and dark silt in the CT images
are qualitatively distinguishable from each other because of their signif-
icant differences in density and chemical composition and because of
the low acceleration voltage (100 kV) used. For convenience, some
depth intervals are referred to as sand A to F layers and silt A to E layers
in Fig. 1. The grain size distributions for some of the sand/silt layers are
shown in Fig. ESM9. The deformed laminations found in the GS-INS-1
core (Fig. ESM8) are similar in shape to those reported in the literature
(e.g., Obermeier, 1996; Berra and Felletti, 2011; Rana et al., 2013), but
further discussion of the deformed laminations is omitted from this
paper because the focus of this study was on the analysis of sand dykes.
Some 2-D slices were chosen from among those shown in Fig. 1 to
illustrate remarkable seismically-induced SSDSs (Figs. 2, 3, and
ESM10). A sand dyke propagates upwards by complexly bending at
preexisting geological boundaries, as shown in Fig. 2. Fig. 2 illustrates
the advantage of CT over the conventional methods, namely photogra-
phy and soft X-ray radiography of half-cut cores. The sand dyke is
hard to see in the photograph because of the low contrast (Fig. 2a).
The outline of the sand dyke is blurred in Fig. 2b. The slab thickness
used for the soft X-ray radiography is rather thick (10 mm) compared
with the CT voxel dimension (0.31 mm). According to the 3-D CT
image analysis results, the sand dyke plane is not normal (i.e., not 90°)
to the surface of the half-cut core, and the crossing angles of the dyke
plane and half-cut surface are 50° to 70°. As a result, the soft X-ray
image obtained is an image of the obliquely crossing sand dyke aver-
aged over 1 cm, yielding the blurred outline of the sand dyke shown
in Fig. 2b.
Fig. ESM10 also illustrates the advantage of CT over the conventional
method, i.e., observation of the 2-D surface of a half-cut core. The two
slices shown in Fig. ESM10were oriented normal to each other. Suppose
that a half-cut surface of Fig. ESM10b is obtained unexpectedly. One
would conclude erroneously that no sand dyke occurs in the depth in-
terval. In contrast, when X-ray CT is employed, one can scan the
whole core three-dimensionally to ﬁnd the two sand dykes
(Fig. ESM10a) embedded in the core.
Remarkable trails for both upward and downward mass movement
are shown in Fig. 3a. The bright lamination in the yellow-dotted rectan-
gle in Fig. 3a is deformed convexly. This is a trail of upwardmassmove-
ment into the sand dyke (see also the yellow-dotted rectangle in
Fig. ESM6b). Downward bends (i.e., folding) of the dark silt E layer in
the green-dotted rectangle and of the bright iron-rich lamination in
the red-dotted rectangle occur in the same CT image. These are trails
of downwardmass movement as compensation for upward sand trans-
port by the dyke. For information, the 3-D shapes of these upward and
downward movements can be seen in the slideshow ﬁle,
Fig_1c_xz.mp4.
Another mode of downward mass movement, faulting (not ductile
downward bending as mentioned above), was found in the core from
the GS-INS-1 site (Fig. 3b, c). Two normal faults were identiﬁed in the
silt D layer. One can see the 3-D shape of the faults in the slideshow
ﬁle Fig_1b_yz.mp4. The slideshow also reveals that the sand dyke
Fig. 1. 3-D X-ray CT images of sand dykes. Sand dykes are indicated by yellow arrows. (a) Sand dyke in a core from the GS-INS-1 site (depth≈ 2.8 m). The image dimensions are
209 × 209 × 456 voxels = 65 × 65 × 228 mm3. The breakup of the silt B layer caused by upward dyke intrusion is indicated by a red arrow. A 2-D cross section is shown in Fig. 2c.
(b) Sand dyke intruding into the silt D layer from the sand D layer. The core is from the GS-INS-1 site (depth ≈ 5.8 m). The image dimensions are 210 × 210 × 243 voxels =
66 × 66 × 122 mm3. 2-D cross sections are shown in Fig. ESM10. (c) Sand dyke penetrating a silt layer, indicated by a red arrow. The core is from the GS-ITK-2 site (depth≈ 1.6 m).
The image dimensions are 216 × 216 × 235 voxels = 68 × 68 × 235 mm3. The approximate positions of the top and bottom of the sand dyke are indicated by green arrows. 2-D cross
sections at the red arrow are shown in Fig. ESM1bc. The serial-sectioning movies of the x − y, y − z, and x − z planes for Fig. 1a, b, and c are available as nine electronic
supplementary ﬁles (Fig_1a_xy.mp4, Fig_1a_yz.mp4, Fig_1a_xz.mp4, Fig_1b_xy.mp4, Fig_1b_yz.mp4, Fig_1b_xz.mp4, Fig_1c_xy.mp4, Fig_1c_yz.mp4, and Fig_1c_xz.mp4).
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via very thin sand-ﬁlled veins to reach the sand C layer, which is the ev-
idence of the sand transport from the sand D layer to the sand C layer.
This suggests that normal faulting (i.e., downward mass movement of
the silt D layer) occurred to compensate for the upward sand transport
by the sand dyke (e.g., Seilacher, 1969; Ringrose, 1989; Sangawa, 1992,
2001; Owen, 1996; Phillips et al., 2013; Rana et al., 2013; Topal and
Özkul, 2014).
Successful applications of the GrowCut algorithm to the sand dyke
CT images are shown in Figs. 4 and 5. In Fig. 4c, as expected, a sand
dyke with suspended silt fragments (see also the white arrow in
Fig. ESM3b) and underlying sand D layer with a silty lamination are
assigned to the foreground (white). The silt, with isolated sand spots
(see the red arrow in Fig. ESM3b), and the overlying sand C layer are
successfully assigned to the background (black). In Fig. 5c, the sand
dyke, embedded in sandy-silty sediments, is clearly assigned to the fore-
ground. It should be noted that these successful voxel assignmentswere
not achieved by the global thresholding method illustrated in
Figs. ESM3b and ESM4b. A very limited number of voxels are painted
in blue or red in Figs. 4a and 5a. Nevertheless, the segmentation was
successful, demonstrating the robustness of the GrowCut algorithm.
The GrowCut algorithm was applied to the serial 209, 210, and 216
slices shown in Fig. 1a, b, and c, respectively, to obtain segmented
black-and-white images. By stacking such serial black-and-white im-
ages, as shown in Figs. 4c and 5c, we revealed the 3-D structure of the
sand dykes (Fig. 6). For simplicity, the thin portion of the sand dyke in
Fig. 1b (e.g., portion indicated by a blue arrow in Fig. 3b) was made
black in the GrowCut processing, and only the thick portion
(e.g., shown by a yellow arrow in Fig. 3b) was made white in Fig. 6b.
The sand dyke structure in Fig. 6a is not plane but rather bent complexly
and exhibits the trail of the coalescence of dykes (see also the rotating
animation ﬁle, Fig_6a_z.mp4). In contrast, the sand dyke shown in
Fig. 6b and Fig_6b_z.mp4 is almost plane in shape and propagates
from the underlying sand D layer shown in Fig. 1b. The sand dyke
shown in Fig. 6c and Fig_6c_z.mp4 has a complex shape because ofthe barrier, namely the silt E layer, indicated by a red arrow in Fig. 1c.
We failed to ﬁnd a sand reservoir to be located at the bottom of the
sand dyke and supplying ﬂuidized sand to the sand dyke shown in
Fig. 1a and Fig_1a_yz.mp4. This suggests that the reservoir exists some-
where outside the core (diameter ≈ 64 mm). However, as Fig. 1b, c
shows, we successfully identiﬁed sand reservoirs (i.e., sand D and F
layers) located at the sand dyke bottom that were injecting liqueﬁed
and ﬂuidized sand into the sand dykes. It should be noted that sand
dyke images such as those shown in Fig. 6b, c are particularly valuable
because, to the best of our knowledge, they are the ﬁrst complete 3-D
image sets covering the full range from the bottom to the top of the
sand dyke body (see the green arrows of Fig. 1c).
The results of the local autocorrelation analysis are shown in Figs. 7
and ESM11 for the GS-INS-1 site (depth≈ 2.8 m), Figs. 8 and ESM12 for
the GS-INS-1 site (depth≈ 5.8 m), and Figs. 9 and ESM13 for the GS-
ITK-2 site (depth ≈ 1.6 m). Two 2-D images of the same sand dyke
body parallel to each other but separated by 10 mmwere used to ana-
lyze the ﬂow pattern within the sand dyke. Theoretically, the direction
of the major axis of each ﬁtted ellipse is that of the elongation of the
high-correlation domain of the autocorrelation function. Thus, it pre-
dicts that the major-axis direction is horizontal for undisturbed sedi-
ment with horizontal laminations and is vertical for the sand dyke
ﬂowing upwards or downwards. These predictions are conﬁrmed by
Figs. 7–9 and ESM11–13, except for a few regions of interest exhibiting
almost isotropic autocorrelation functions (e.g., nearly-circular red el-
lipse within a dyke of Fig. 9).
6. Discussion
6.1. 3-D structure of sand dykes
The present study revealed the complex 3-D shapes of sand dykes
using core CT images for the ﬁrst time (Fig. 6). We are able to open
the full sets of 3-D digital images in nine slideshows (see Fig. 1) and
nine rotating animations (see Fig. 6) to facilitate 3-D digital rock study
Fig. 2. Vertical cross sections for almost the same portion of a core from the GS-INS-1 site (depth≈ 2.8m). The complexly bent sand dyke is indicated by yellow arrows. (a) Photograph of
the surface of the half-cut core taken after CT scanning. The scale is in cm. (b) Soft X-ray image of a slab sample (thickness of 10mm) obtained at an acceleration voltage of 40 kV after CT
scanning. (b) was taken fromMizuno et al. (2013). (c) CT imagewith dimensions of 209 × 456 × 1 voxels= 65 × 228 × 0.3mm3. This is a snapshot taken from themovie Fig_1a_yz.mp4.
(d) Geological interpretation of (c). The sand/silt boundary is shown by a blue line, but it is omitted for the sand B/silt C layers because the boundary is obscure. In terms of themorphology
of the sand dyke shown in red, there are three sharp bends, indicated by green arrows (B1 to B3). The small-scale coalescence of sand dykes occurs near the silt B layer (Fig. 7b), but it is
omitted in (d) for simplicity. The lamination in the sand B and silt C layers is indicated by a broken line. Note that the dyke propagates upwards along the cross bedding in the sand B layer.
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ﬂuidized sand from underlying sand reservoirs. We failed to ﬁnd a
sand reservoir in the 3-D images for the GS-INS-1 site
(depth≈ 2.8m; Figs. 1a and 6a), which suggests that the boringmissed
the reservoir position. In contrast, fortunately, we succeeded in
obtaining the complete 3-D image sets covering the range from the res-
ervoir to the top of the sand dykebody for theGS-INS-1 (depth≈ 5.8m)
and GS-ITK-2 (depth ≈ 1.6 m) sites (Figs. 1b, c and 6b, c). These 3-D
image sets (see Figs. 1 and 6 and the corresponding slideshows and ro-
tating animation ﬁles)were used to examine the sand dykes in detail, as
described below.
We identiﬁed two pairs of hydrological barriers (silt) and underlying
reservoirs (sand): the silt D and sand D layers for Fig. 1b; the silt E and
sand F layers for Fig. 1c. According to Fig. ESM9, themedian grain diam-
eter of the sand layers is large (152 μm for the sand D layer, 264 μm for
the sand F layer), and the coefﬁcient of uniformity is small (1.6 for the
sand D layer, 2.1 for the sand F layer). In general, such well-sorted ﬁne
tomedium sand layers tend to be liqueﬁed andﬂuidized easily by earth-
quakes. The water released from the liqueﬁed and ﬂuidized sand D and
F layers accumulates just under the hydrological barriers, the silt D and
E layers, respectively. The pore water pressure probably built up under
the silt layers to form voids ﬁlled with only water (Nichols et al., 1994;
Moretti et al., 1999; Jinguuji et al., 2007). Eventually the silt D and E
layers brokedownby the elevatedwater pressure to initiate the upward
sand dyke propagation.
Fig. 6a and the corresponding animations (e.g., Fig_6a_y.mp4 and
Fig_6a_z.mp4) clearly depict the 3-D complex structure of the sanddyke of the GS-INS-1 site (depth ≈ 2.8 m). Fig. 2c, d shows that the
sharp bending (B1 to B3), one of the complex structures in Fig. 6a, is de-
rived from the preexisting geological structure. The sharp bend, B1, oc-
curs at a boundary between a horizontal bedding and cross bedding,
and the sand dyke changed the propagation direction at B1 to follow
the cross bedding plane. The other bends, B2 and B3, are located at the
sand-silt boundaries, and the propagation direction was also changed
at the locations. Such sand dykes and clastic injections with sharp
bends at preexisting geological boundaries have been found in ﬁeld in-
vestigations (e.g., Sangawa, 1992; Obermeier, 1996; Hurst et al., 2011;
Ravier et al., 2015). The coalescence of sand dykes at and around the
boundary of the sand B and silt B layers is another complex feature of
Fig. 6a (see also Fig_6a_z.mp4 and Fig. 7b). Because the coalescence
point is located near the rim of the 3-D image system, it is difﬁcult to de-
scribe the formation mechanism precisely. However, the three
slideshow ﬁles (i.e., Fig_1a_xy.mp4, Fig_1a_xz.mp4, and
Fig_1a_yz.mp4) imply that the coalescence of two independent sand
dykes propagating upwards or horizontally (i.e., sills) occurred there.
In contrast to the sand dyke in Fig. 6a, the sand dyke in Fig. 6b is al-
most plane in shape and propagates from the underlying sandD layer in
Fig. 1b (see also Fig_6b_y.mp4 and Fig_6b_z.mp4). The sand dyke con-
tains suspended silt fragments (Figs. ESM3b and ESM10a), which have
been found in ﬁeld investigations (e.g., Obermeier, 1996; Cox et al.,
2014; Phillips et al., 2013). Although omitted from Fig. 6b for simplicity,
the sanddyke initiating from the sandD layer completely penetrates the
silt D layer via very thin sand-ﬁlled veins to reach the sand C layer (see
Fig_1b_yz.mp4). This sand transport from the sand D layer to the
Fig. 3.Twomodes (folding andnormal faulting) for themass compensation induced by the sanddyke formation. (a) One x− zplane taken fromFig. 1c.Downwardbending (folding) of the
dark silt E layer in the green-dotted rectangle and of the bright iron-rich lamination in the sand F layer in the red-dotted rectangle can be seen. This is downward mass movement that
occurs as compensation for the upward sand transport by the dyke. In contrast, the bright convex iron-rich lamination in the yellow-dotted rectangle is the trail of the upward ﬂow.
(b) One y− z plane taken from Fig. 1b. A sand dyke indicated by a yellow arrow propagates upwards. It is bent at the B4 point to propagate almost horizontally as indicated by a blue
arrow. (c) Interpretation of (b). Two normal faults in the silt D are indicated by yellow- and red-dotted lines. The direction of the relative displacement is shown by green arrows.
143Y. Nakashima, J. Komatsubara / Tectonophysics 683 (2016) 138–147shallower level, the sand C layer, yields normal faulting to compensate
for the loss of mass (e.g., Seilacher, 1969; Ringrose, 1989; Owen, 1996;
Phillips et al., 2013; Rana et al., 2013; Topal and Özkul, 2014), as de-
scribed in Section 6.2.Fig. 4. Application of the GrowCut algorithm to Fig. ESM3a. Our objective was to extract a sand
propagates as a foreground. (a) Some foreground and background voxels are painted in red a
applied to (a). The background is shown in blue. (c) Black-and-white image (i.e., 1-bit image) o
cessfully extracted as a bright foreground.Field observations indicate that sand dykes that cease propagation
before reaching the ground surface certainly occur (e.g., Obermeier,
1996; Hurst et al., 2011). However, no core-scale 3-D images of the
dyke tip have been reported for such sand dykes. Thus, Fig. 6c and thedyke embedded in the silt layer and an underlying sand layer, from which the sand dyke
nd blue, respectively, by the mouse drag operation. (b) Results of the GrowCut algorithm
f (b). The sand dyke (yellow arrow) and the underlying sand layer (green arrow) are suc-
Fig. 5. The same GrowCut processing as in Fig. 4 for the CT image in Fig. ESM4a. The sand
dyke (yellow arrow) embedded in the sand layer and the underlying sand layer (green
arrow) supplying sand into the dyke were successfully extracted.
144 Y. Nakashima, J. Komatsubara / Tectonophysics 683 (2016) 138–147relatedmovie ﬁles (Fig_1c_xz.mp4 and Fig_6c_z.mp4) are valuable in il-
lustrating the detailed structure of the sand dyke tip. With the help of
the elevated pore-water pressure in the liqueﬁed and ﬂuidized sand F
layer, the sand dyke penetrated the barrier, namely, the silt E layer inFig. 6. Extraction of the complex 3-D structures of sand dykes. (a)–(c) are GrowCut outputs app
in Fig. 6b and c, respectively. The movies rotating with respect to the x, y, and z axes for Fig. 6
Fig_6a_z.mp4, Fig_6b_x.mp4, Fig_6b_y.mp4, Fig_6b_z.mp4, Fig_6c_x.mp4, Fig_6c_y.mp4, and FFig. 1c. Then, the sand dyke invaded the sand E layer but suddenly lost
the energy required for propagation and ceased to propagate upwards
(e.g., Rodríguez-Pascua et al., 2010). The dyke tip exhibits a sharp
sword-like shape (Fig. 5). The sanddyke changed the propagation direc-
tion from upward to horizontal, resulting in the formation of a sill- or
laccolith-like structure (Ezquerro et al., 2015) in the sand E layer
(Figs. 5, 9, and ESM13).
6.2. Two modes of the mass compensation
Sand mass is lost at a sand reservoir (e.g., the sand D layer in Fig. 1b
and the sand F layer in Fig. 1c) where the sand is transported to a
shallower level via a sand dyke. We identiﬁed twomodes of compensa-
tion for this loss of sand mass: ductile downward bending (i.e., folding)
and brittle normal faulting. At an early stage of sand dyke formation,
vigorous upward ﬂow is dominant in the sand dyke; at a later stage,
downward ﬂow occurs to compensate for the loss of mass at the sand
reservoir. The downward ﬂow of the ﬂuidized sand applies the vertical
drag force (shear force) on the dyke walls. This shear force would de-
form the dyke walls to bend downwards. A downward bend of the
dark silt E layer is evident in the green-dotted rectangle, and that of
the bright iron-rich lamination in the sand F layer is evident in the
red-dotted rectangle (see Fig. 3a). The 3-D structure is shown in the
slideshow ﬁle Fig_1c_xz.mp4. These are trails of the downward ﬂow
that occurs as compensation for the loss of sand mass. Such ductile
downward bending (folding) has been observed in ﬁelds and laboratory
experiments (e.g., Lowe and LoPiccolo, 1974; Nichols et al., 1994;
Obermeier, 1996; Frey et al., 2009; Rodríguez-Pascua et al., 2010). The
present study conﬁrmed the occurrence of downward bending three-
dimensionally using X-ray CT images of a real core.
The downward bending of the dykewalls would yield a relativewid-
ening of the original dyke aperture. According to Figs. 3a and 5 and
Fig_1c_xz.mp4, there is an external fringe within the dyke which is dif-
ferent from the central part of the dyke in terms of the texture (see the
area between the red- and blue-dotted lines in Fig. 5a). This external
fringe could represent the widened zone of the original dyke geometry.lied to Figs. 1a–c, respectively. The black-and-white images, Figs. 4c and 5c, are embedded
a, b, and c are available as electronic supplementary ﬁles (Fig_6a_x.mp4, Fig_6a_y.mp4,
ig_6c_z.mp4).
Fig. 7. Example of local autocorrelation analysis to detect the ﬂow pattern in a sand dyke.
(a) Original CT image, as in Fig. 2c. (b) Results of the local autocorrelation analysis of (a).
Green squares of 17 × 17 voxels were analyzed as disturbed (i.e., liqueﬁed and ﬂuidized)
or undisturbed regions. The center of the regionof interest is shownby a yellowdot. The 2-
D autocorrelation method was applied to each square to obtain an autocorrelation image
of 11 × 11 voxels. Ellipses ﬁtted to the high-correlation domains are shown in red. The
lengths of the major axes of the ellipses were set to be the same. The outline of the sand
dyke is shown by a dashed blue line.
Fig. 8.The same as in Fig. 7 but for a different CT image, Fig. 4a. The outlines of the two sand
dykes (not including the underlying sand layer supplying sand into the dykes) are
indicated by dashed blue lines.
Fig. 9.The sameas in Fig. ESM7ad but formany green squares. The outline of the sand dyke
(not including the underlying sand layer supplying sand into the dyke) is indicated by a
dashed blue line.
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walls, is variable in thickness. It seems thicker beneath the green-
dotted region in Fig. 3a, which could be responsible for the large down-
ward folding of the silt E layer.
As mentioned above, mass compensation occurs as a ductile defor-
mation of young and soft strata such as those at the GS-ITK-2 site
(depth≈ 1.6 m), which was reclaimed beginning in the 1940's. In con-
trast, mass compensation occurs in a brittle manner, namely, small-
scale normal faulting, when the strata are relatively old and consoli-
dated. This brittle response to the loss of mass is analogous to the nor-
mal faulting in the caldera formation of volcanoes. Such normal faults,
which are closely related to liquefaction followed by ﬂuidization, have
been reported in the literature (e.g., Seilacher, 1969; Ringrose, 1989;
Owen, 1996; Phillips et al., 2013; Rana et al., 2013; Topal and Özkul,
2014). An example we identiﬁed in the present study is shown in
Fig. 3b, c (GS-INS-1 site, depth≈ 5.8 m), which is located in the natu-
rally formed tidal channel sediment (0.7 ky BP at depth = 4.3 m). Fig.
3c and Fig_1b_yz.mp4 depict several normal faults. The sand dyke indi-
cated by a yellow arrow in Fig. 3b propagates upwards from the sand D
layer. The propagation direction of the dyke is suddenly changed at B4
as occurred at B1 to B3 in Fig. 2d. After the bending at B4, the dyke prop-
agates almost horizontally as shown by a blue arrow in Fig. 3b.Most im-
portantly, Fig. 3c shows that this sand dyke body is cut by two normalfaults which are almost parallel to the lower part of the dyke
(i.e., nearly-vertical dyke portion indicated by the yellow arrow) and
tend to join downwards. This cross-cut relationship suggests that the
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loss of sand mass. Such normal faulting closely related to the sand dyke
formation has been observed in ﬁeld investigations and laboratory ex-
periments (e.g., Seilacher, 1969; Ringrose, 1989; Sangawa, 1992, 2001;
Owen, 1996; Rana et al., 2013; Topal and Özkul, 2014). The present
study demonstrates that X-ray CT is useful in the detection of
liquefaction- and ﬂuidization-related normal faulting embedded in bor-
ing cores.
6.3. Flow within sand dykes
Flow patternswithin sand dykes and clastic injections have been ob-
served in ﬁeld studies (e.g., Sangawa, 1992; Bezerra et al., 2005; Phillips
et al., 2013; Cox et al., 2014; Ravier et al., 2015). Such ﬂow patterns are
important indicators of ﬂow of ﬂuidized sediments along fractures. The
local autocorrelation method (Fig. ESM7) was applied for the ﬁrst time
to the sand dyke CT images in the present study. The results (shown in
Figs. 7–9 and ESM11–13) indicate that the directions of the major axes
of the ﬁtted ellipses are parallel to the sand dyke walls for almost all
green squares within the sand dykes. This suggests that the major-axis
direction determined is the sand ﬂow direction, because laminations
in the sand dykes are aligned in the ﬂow direction (i.e., along the dyke
walls; see Fig. ESM6). Thus, the results of the present study have con-
ﬁrmed the occurrence of ﬂow of ﬂuidized sediments in sand dykes
using a novel technique: local autocorrelation analysis coupled with
X-ray CT.
As the results of this study demonstrate, the local autocorrelation
method is capable of determining the ﬂow direction within sand
dykes. However, this method cannot be used to determine the sign of
the ﬂow direction (see Section 4.2). Thus, for example, we cannot
judge whether the vertically elongated ellipse for SR1 in Fig. ESM7d
was formed by upward or downward ﬂow. Because the sand dyke phe-
nomenon is essentially buoyancy-driven upward transport of less-
dense ﬂuidized sand, upward ﬂow is dominant in the sand dyke forma-
tion process. Actually, a trail of upwardmassmovement was found (see
the convex bright lamination in the yellow-dotted rectangle of Fig. 3a).
However, ﬁeld observations and laboratory experiments (e.g., Lowe and
LoPiccolo, 1974; Nichols et al., 1994; Obermeier, 1996; Frey et al., 2009;
Rodríguez-Pascua et al., 2010; Komatsubara et al., 2014b; Ravier et al.,
2015) suggest that downward mass movement also occurs to compen-
sate for the loss of mass at the sand reservoir. In fact, we found remark-
able trails suggesting downward ﬂow in the core from the GS-ITK-2 site
(Fig. 3a and Fig_1c_xz.mp4). Thus, particularly for the GS-ITK-2 site, the
elongated ellipses in Fig. 9 and ESM13 could have been formed by
downward ﬂow at a late stage of sand dyke formation.
The conventional method for detecting the ﬂow pattern within sand
dykes is often based on visual observations only, which is neither objec-
tive nor quantitative. In general, as long as the greyscale is not carefully
tuned (e.g., Fig. ESM7b), some ﬂow patterns in sand dykes are too faint
to be identiﬁed by the naked eye (e.g., Fig. 2a; see also green regions of
interest in Figs. 7–9 and ESM11–13). In contrast, digital image analysis
using local autocorrelation was successfully employed in this study to
detect faint ﬂow patterns aligned along the sand dykes and to calculate
the anisotropy objectively as ellipses. Thus, the results of the present
study demonstrate that the local autocorrelation method is useful in
the objective and quantitative detection of ﬂow patterns within sand
dykes, which is difﬁcult to achieve by conventional visual observations.
7. Conclusions
Medical X-ray CT was applied to boring cores to reveal complex
seismically-induced SSDSs. The 3-D CT images obtained allowed us to
identify the following structures of liquefaction followed by ﬂuidization
clearly: a propagating sanddyke complexly bent by the preexisting geo-
logical structure, deformed laminations of ﬂuidized sandy sediments,
and two types of downward mass movement (ductile downwardfolding and brittle normal faulting) as compensation for the loss of
mass due to upward sand transport via sand dykes. Two advanced
image analysismethodswere employed to analyze sand dyke CT images
for theﬁrst time. (i) TheGrowCut algorithm, a speciﬁc digital image seg-
mentation technique, was successfully employed to extract the 3-D
complex structures of sand dykes embedded in sandy sediments,
which is difﬁcult to achieve using the conventional global thresholding
method. (ii) Local autocorrelation image analysis was successfully
employed to detect the ﬂow pattern alignment along the sand dykes.
The original program developed to calculate the local autocorrelation
is open at http://staff.aist.go.jp/nakashima.yoshito/progeng.htm to fa-
cilitate the digital image analysis of the ﬂow patterns. The results dem-
onstrate that X-ray CT coupled with advanced image analyses is a
promising approach to the study of seismically induced SSDSs using
boring cores.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2016.05.044.
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